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Olfactory processing in behaving animals, even at early stages, is inextricable from top 
down influences associated with odor perception. The anatomy of the olfactory network 
(olfactory bulb, piriform, and entorhinal cortices) and its unique direct access to the 
limbic system makes it particularly attractive to study how sensory processing could 
be modulated by learning and memory. Moreover, olfactory structures have been early 
reported to exhibit oscillatory population activities easy to capture through local field 
potential recordings. An attractive hypothesis is that neuronal oscillations would serve 
to "bind" distant structures to reach a unified and coherent perception. In relation to this 
hypothesis, we will assess the functional relevance of different types of oscillatory activity 
observed in the olfactory system of behaving animals. This review will focus primarily on 
two types of oscillatory activities: beta (15-40 Hz) and gamma (60-100 Hz). While gamma 
oscillations are dominant in the olfactory system in the absence of odorant, both beta 
and gamma rhythms have been reported to be modulated depending on the nature of 
the olfactory task. Studies from the authors of the present review and other groups 
brought evidence for a link between these oscillations and behavioral changes induced 
by olfactory learning. However, differences in studies led to divergent interpretations 
concerning the respective role of these oscillations in olfactory processing. Based on a 
critical reexamination of those data, we propose hypotheses on the functional involvement 
of beta and gamma oscillations for odor perception and memory. 
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INTRODUCTION 

Among the functional particularities of the olfactory system, we 
wish to stress its privileged access to limbic structures and its 
predisposition to rhythmicity. In the absence of thalamic relay, 
the olfactory receptors are only two and three synapses distant 
from the cortical amygdala and the hippocampus respectively. 
This singularity could partly explain why olfactory experience has 
been reported to be so efficient to shape odor representations 
(Wilson and Stevenson, 2003; Davis, 2004). In adults, anatomic 
and functional plasticity related to odor learning occur at every 
step of the olfactory system. As early as in the olfactory mucosa, 
olfactory learning increases the number of sensory neurons spe- 
cific to a trained odorant (Jones et al., 2008; Dias and Ressler, 
2014). Studies carried out in the main olfactory bulb (MOB) and 
the piriform cortex (PCx) reported long-lasting modifications 
of neuronal activity and synaptic efficiency in various learn- 
ing contexts (Barkai and Saar, 2001; Mouly et al., 2001; Mouly 
and Gervais, 2002; Martin et al, 2004b; Sevelinges et al, 2004; 
Mandairon and Linster, 2009; Restrepo et al., 2009; Wilson and 
Sullivan, 2011; Royet et al, 2013). 

The olfactory system is also highly dynamic. On the one hand, 
odorant detection and coding are constrained by respiratory 



modulation through breathing. The sniff cycle controls the fir- 
ing pattern of olfactory neurons in time and is suggested to be 
the functional time unit for odor processing (Buonviso et al., 
2006; Kepecs et al, 2006; Wachowiak, 201 1). On the other hand, 
odor processing has been associated with oscillations of the local 
field potential (LFP) both in insects (Perez-Orive et al., 2002) 
and mammals (Kay et al, 2009). Those signals reflect a weighted 
average of synchronized dendro-somatic components of neu- 
ronal processing within a neural population (Buzsaki et al., 2012). 
Because they underlie coincident activity, oscillations would favor 
temporal coordination of sensory information within brain areas 
and facilitation of its transfer across regions (Varela et al, 2001; 
Siegel et al, 2012). Accordingly, they are ideally suited to subserve 
memory processes such as encoding, consolidation and retrieval 
(Engel et al, 2001; Varela et al, 2001; Tallon-Baudry et al, 2004; 
Fell and Axmacher, 201 1). 

The present review will leave apart the respiratory modulation 
which has already been the object of several recent reviews (i.e., 
Buonviso et al., 2006; Kepecs et al., 2006; Scott, 2006; Wachowiak, 
201 1). The aim here is to synthesize our current knowledge about 
the conditions in which the other two main oscillatory rhythms 
linked to odor processing, namely beta (15-40 Hz) and gamma 
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(60-90 Hz), are observed at the first stages of olfactory processing, 
the MOB and the PCx. A majority of studies designed to decipher 
odor coding have been performed in anesthetized animals. These 
studies have been essential for understanding the activity of sin- 
gle neurons in response to odorants both in the MOB and the 
PCx (Buonviso et al., 2003; Fletcher and Wilson, 2003; Litaudon 
et al., 2003; Chapuis and Wilson, 2012; Fukunaga et al., 2012). 
In the present review, we will focus exclusively on LFP recordings 
performed in awake, behaving animals. One benefit of chronic 
LFP recordings as compared to single unit recordings is the abil- 
ity to follow the evolution of rhythmic activities across cerebral 
areas throughout training as a means of tracking learning-related 
changes. Because oscillatory activities are transient, their detec- 
tion and precise description requires operant devices, in which 
the timing of odorant onset and offset can be precisely controlled. 
Comparing the relation between behavior and LFP oscillations in 
various conditions, we came to propose hypotheses on the func- 
tional involvement of beta and gamma oscillations in the context 
of odor processing. Far to be exhaustive, the scope of this review 
is to consider the respective putative role of these two oscillatory 
rhythms in odor coding and memory. 

THE OLFACTORY SYSTEM AND ITS OSCILLATIONS 

More than any other sensory system the olfactory system has 
early been reported to be oscillatory (Adrian, 1942; Freeman and 
Schneider, 1982; Gray, 1994). This specificity is most probably 
due to two parameters, the nature of the stimulus and the orga- 
nization of olfactory areas. First, odorant molecules are slow to 
reach the detector, compared to sound or light. They travel with 
nasal airflow, and do not reach simultaneously the different parts 
of the nasal cavity. Because odorant onset cannot be sharp, it 
most often fails to elicit evoked potential. Second, as it will be 
described below, the central olfactory relays (MOB and PCx) 
are tightly interconnected and host specific features; the mitral- 
granule dendrodendritic reciprocal synapses in the MOB, and a 
dense network of associational fibers in the PCx. 

The olfactory sensory neurons present in the nasal cavity are 
the point where the odorant chemical information is transduced 
and transmitted to the brain (Zufall and Munger, 2001). All the 
olfactory sensory neurons that express the same molecular recep- 
tor converge onto a few glomeruli, well identified microdomains 
containing the first synapse of the olfactory information path 
(Zou et al, 2009). In the absence of thalamic relay, the MOB 
has been considered already as an associative structure where 
inhibition plays a major role. Olfactory signal that travels in the 
principal excitatory neurons, mitral and tufted (MT) cells, is 
gated at two levels within the structure. Surrounding glomeruli, 
juxtaglomerular cells include astrocytes and various types of neu- 
rons: excitatory external tufted cells, periglomerular cells and 
short axon cells. While periglomerular are GABAergic cells, short 
axon cells, which processes extend across several glomeruli, have 
two opposite actions by releasing both GABA and Dopamine 
(Liu et al., 2013). Deeper in the structure, the specific interaction 
between granules and MT cells via dendrodendritic reciprocal 
synapses is a key element for the large oscillatory activity dis- 
played in the olfactory system. MT cells axons coalesce into the 
lateral olfactory tract and project to numerous areas termed as the 



olfactory cortex. Privileged targets of the MOB are the anterior 
olfactory nucleus and the anterior PCx (Haberly, 2001; Cleland 
and Linster, 2003; Hintiryan et al., 2012). MT cells also contact in 
a lesser extent, the posterior PCx, the lateral entorhinal cortex, the 
olfactory tubercle, the ventral tenia tecta and the anterior cortical 
complex of the amygdala. 

The PCx is anatomically and functionally divided into two 
parts: a rostral region (anterior PCx) mostly connected to the 
other olfactory areas and a caudal region (posterior PCx) in con- 
nection with higher cognitive regions and characterized by dense 
associational connectivity (Haberly, 2001; Litaudon et al, 2003; 
Bekkers and Suzuki, 2013). Indeed, the anterior part of the PCx 
has strong bidirectional projections to the posterior part of the 
structure and to the MOB and the anterior olfactory nucleus. 
On the contrary, the posterior PCx has dense feedforward pro- 
jections to numerous cortical and subcortical regions including 
high-order association areas, but lacks functional projections to 
the anterior PCx. In addition, feedback projections from the pos- 
terior PCx to the MOB are sparse. A noticeable point in the 
functional anatomy of the PCx is the presence of abundant asso- 
ciational connections, sparser in the anterior than in the posterior 
PCx (Hagiwara et al., 2012). Anatomo-functional connectivity of 
the PCx already suggests a key role of this structure in the elabora- 
tion of complex mechanisms of olfactory perception and memory 
(Gottfried, 2010; Wilson and Sullivan, 201 1). Differences between 
anterior and posterior PCx would sustain complementary mem- 
ory processes: as suggested in the literature, the anterior PCx 
would mediate odors matching such as generalization, discrim- 
ination or pattern completion (Wilson and Stevenson, 2003; 
Chapuis and Wilson, 2012) whereas the posterior PCx would 
rather link odor to previously learned non-olfactory information 
(Haberly, 2001). 

The MOB and the PCx are densely interconnected. The lat- 
eral olfactory tract carries odor information from the MT cells to 
pyramidal cells. In turn, pyramidal cells send axon collaterals to 
the MOB. These glutamatergic fibers synapse almost exclusively 
on the different type of inhibitory interneurons contained in the 
MOB. They have a major inhibitory effect on the structure at two 
levels: the glomerulus via periglomerular cells, and the mitral cell 
via granule cells. Interestingly, the strongest drive is to deep and 
superficial short axon cells, the main source of inhibition onto 
granule and periglomerular cells (Boyd et al, 2012). Centrifugal 
projections to the MOB do not only originate from the PCx 
(Matsutani, 2010). Moreover, acetylcholine, norepinephrine, and 
serotonin projections modulate the activity of the MOB and the 
PCx (Linster and Hasselmo, 2001; Ennis et al., 2007; Rothermel 
et al., 2014). They can inhibit as well as disinhibit glomerular 
activity and MT cells. 

Dense interconnections between and within olfactory struc- 
tures are conducive to the emergence of oscillations. Presumably 
for this reason, the MOB and the PCx have been very early seen 
as good models to study rhythmic activities in the brain, and have 
been the target of pioneering electrical recording of brain oscil- 
lations (Adrian, 1942, 1950). Few years later, Lavin et al. (1959) 
performed the first recording of the electrical activity of the MOB 
in awake, unrestrained cats chronically implanted with electrodes. 
They reported bursts of activity related to the arousal of the 
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animal. Since that time, numerous studies have recorded intrac- 
erebral LFPs in the MOB and the PCx in behaving animals. In 
these brain areas, even raw signals overtly display different types 
of oscillations that can be easily defined in sub-classes according 
to their frequency range and to the moment they occur in relation 
with external events. 

Oscillatory activities in the olfactory system covers a broad fre- 
quency band comprised between 1 and 150 Hz. In the MOB and 
the PCx, three rhythms dominate. The larger and most obvious is 
linked to the respiration and occurs in a frequency range overlap- 
ping with the hippocampal theta rhythm (~1— 10 Hz) (Kay et al., 
2009). In awake and motivated animals, regular bursts of fast 
oscillations, i.e., the gamma rhythm (~60-90 Hz) are nested onto 
the respiratory modulation, occurring at the transition between 
inspiration and expiration (Buonviso et al., 2006; Manabe and 
Mori, 2013) (for an example see Figures 1A, 3A). Odorant pre- 
sentation most often elicits beta oscillations (~ 15-40 Hz) of 
variable amplitude, but has also been associated with gamma 
increase restrained to the MOB (Beshel et al, 2007). Finally, in 
the MOB, some sporadic long lasting bursts of low frequency 
gamma (~35-65Hz) can occur during exploration (Kay, 2003). 
The boundaries of these rhythms are sometimes variable in fre- 
quency, depending on the animal species; as a consequence we 
will consider their functional condition of emergence rather than 
their absolute frequency. 

0D0R-EV0KED MODULATION OF LFPs, INFLUENCES ON 
BETA AND GAMMA BAND OSCILLATIONS 

The rhythm classically studied in the olfactory system has been 
the gamma band (~60-90Hz). In the absence of imposed odor- 
ant stimulation, in particular when animals freely explore their 
environment, the presence of gamma bursts, regularly nested at 



the transition between inspiration and expiration characterizes 
the LFP in the MOB (Figure 1A) and at least in the anterior 
PCx. Beside the ubiquitous nature of gamma bursts in the olfac- 
tory system, the fact that gamma frequency has been recognized 
as the gold standard for sensory coding following the work of 
Wolf Singer in the visual system (Singer, 1993) probably drew the 
attention of the community on this frequency range. A detailed 
historical review about gamma oscillations in the olfactory system 
can be found in Rojas-Libano and Kay (2008). 

Gamma oscillations have been extensively analyzed in several 
regions of the olfactory system by Walter Freeman (Freeman, 
1960; Freeman and Schneider, 1982; Eeckman and Freeman, 
1990), who focused analyses on a rather large frequency range 
(20-90 Hz). As it has been reported in numerous studies, gamma 
bursts amplitude increases mostly when the animal is in an atten- 
tive state (Bressler, 1984; Eeckman and Freeman, 1990). This 
relationship to attention and motivation is easy to observe in the 
initial phase of any training. Indeed, our data suggest that when 
a rat is placed in a novel environment, the amplitude of sponta- 
neous activity related gamma bursts increases very rapidly as the 
animal becomes more familiar with the arena and aware of what 
is going to happen (Martin et al, unpublished data). By record- 
ing EEC using a 64-electrodes grid at the surface of the MOB 
of small mammals, Freeman analyzed the spatial distribution of 
odor-induced gamma bursts amplitude, considering the brain as 
a chaotic system. In two of the most famous papers (Freeman and 
Schneider, 1982; Di Prisco and Freeman, 1985), authors examined 
this pattern during and after either an aversive or appetitive odor 
conditioning. They reported that spatio-temporal motifs emerg- 
ing from gamma bursts analysis were relatively independent of 
odor presentation and more related to the significance of the odor. 
They proposed that gamma oscillatory activity modulations were 
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FIGURE 1 | Odor stimulation modifies beta (15-35 Hz) and gamma 
(60-90 Hz) oscillations in the olfactory bulb. Example of LFP traces 
recorded in the olfactory bulb in freely moving mice. (A) Raw LFP signal 
(0.1-300 Hz) on first row is filtered in the theta (1-10 Hz) and the gamma 
(60-90 Hz) bands, showing the close relation between gamma bursts and the 
respiratory modulation. (B) Raw LFP signal (0.1-300 Hz) and corresponding 



time-frequency power representation in a mouse conditioned in a Go/No-Go 
task. Time-frequency plot was obtained based on Morlet wavelet analysis. It 
represents the power of the signal (as indicated by the color scale) as a 
function of time (x-axis) for each frequency (y-axis). Odorant onset is indicated 
by the vertical red arrow. Note that odor elicits an overall decrease in the 
gamma band and an increase in the beta band power. 
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mostly related to the context and expectations of animals. These 
studies were pioneering in considering the MOB as a central 
element of a broader network underlying odor representations, 
rather than a passive odor relay. They were also the first evi- 
dence that odor processing at this early sensory stage already 
takes into account the context and the experience of the animal. 
Interestingly, as reported in several articles from the same group 
(Di Prisco and Freeman, 1985), the fact that spatial distribution 
of iso-amplitude gamma bursts is indeed modified by experi- 
ence does not mean that odorant presentation increases gamma 
oscillations amplitude. On the contrary, the mean gamma power 
over the MOB remained stable or decreased by 15-35% during 
odorant sampling. In a series of experiments we performed at 
the beginning of the 2000's we observed that odorant sampling 
in the context of a Go/No-Go task was first associated with a 
strong and transient decrease of gamma oscillatory activities at 
the onset of odor. This power decrease was observed in naive 
animals and was amplified as rats became experts for the odor- 
ants used in the task. Gamma depression was transient and most 
often followed by a light rebound effect before a return to baseline 
activity with calibrated regular gamma bursts nested on a slower 
respiration-related activity (Ravel et al., 2003; Martin et al., 2004b, 
2006). 

The decrease in gamma activity is most often replaced by the 
emergence of an activity in the beta band (15-40 Hz, centered 
around 25 Hz) that is never observed in the absence of odor- 
ant in normal condition (Figure IB). This shift in the oscillatory 
dynamics between gamma and beta frequencies is characteristic 
of odorant sampling in awake animals and have been reported 
in numerous studies in the MOB (Gray and Skinner, 1988b; 
Martin et al., 2004b; Lowry and Kay, 2007; Lepousez and Lledo, 
2013; Chery et al, 2014) and the PCx (Martin et al, 2006). 
Interestingly, beta oscillations elicited by odorant stimulations 
have been characterized for the first time in the dentate gyrus 
of the hippocampus where inhalation of toluene by the rat pro- 
duced fast- wave bursts (Vanderwolf, 1992). This group conducted 
many studies in awake rats submitted to passive presentations of 
odorants that were supposed to be innately relevant or naturally 
aversive to the animals (urine, feces, toluene, predator odors. . . ) 
(Vanderwolf, 1992; Heale and Vanderwolf, 1994; Zibrowski and 
Vanderwolf, 1997; Chapman et al, 1998; Zibrowski et al., 1998; 
Vanderwolf and Zibrowski, 2001; Vanderwolf et al, 2002). They 
showed that a low frequency wave (around 20 Hz) was elicited 
by these odorants in a large network covering the MOB, the 
PCx, and limbic structures (entorhinal cortex, dentate gyrus). 
They also observed in the PCx that the repeated presentation of 
odorants (10-15 trials) leads to a gradual enhancement of beta 
wave amplitude that persists for several days (Vanderwolf and 
Zibrowski, 2001). In a subsequent study, Lowry and Kay (2007) 
have also found large beta activity during passive presentation 
of some specific odorants. However, they reported that all the 
odorants that showed significantly higher beta power were in 
a certain range of vapor pressure, between 1 and 120mmHg. 
Interestingly, this range includes TMT, a component of fox feces, 
and toluene. In urethane anesthetized rats, similar observations 
were made that the molecular feature of odorants influenced the 
probability of emergence of beta oscillations (Cenier et al., 2008). 



Consequently, the reason why some odorants elicited higher beta 
power could be due to their volatility rather than their innate 
value. However these studies have been conducted using cotton 
swab presentations, a condition in which the odorant concentra- 
tion and duration is more difficult to calibrate. Elevated odorant 
concentration may by itself be fearful and/or aversive for macros- 
matic animals such as rodents. Indeed, in both sets of data, 
beta power enhancement induced by repeated exposure to the 
same series of odorants suggests that other processes than pure 
olfactory detection occur like some odor recognition and clas- 
sification. Oscillatory activities related to naturally meaningful 
odorant molecules have also been found in the accessory olfac- 
tory bulb, which receives its sensory input from the vomeronasal 
organ. In awake female mice, male urine exposure significantly 
increases LFP power in frequencies overlapping with beta rhythm 
(ranging from 8 to 24 Hz) at the vicinity of the MT cells layer. 
Interestingly, following mating, the power of the LFP oscilla- 
tions recorded under baseline conditions is dramatically increased 
across all frequency bands, suggesting that some form of synaptic 
plasticity has occurred (Binns and Brennan, 2005). 

In conclusion, as presented in Table 1, most of the stud- 
ies using odorant presentation have shown that they elicits a 
shift in frequency for the oscillatory activities recorded in the 
MOB and the PCx. Respiration locked gamma band activity 
(60-90 Hz) decreases and a slower beta oscillation (15-40 Hz) 
emerges. The reason why the pioneering studies led by Walter 
Freeman did not described such a systematic shift could be 
explained by the fact that recording were not performed in 
deep layers but at the surface of the cortex (Buffalo et al., 
2011). 

NETWORK SUSTAINING BETA AND GAMMA RHYTHMS IN 
THE OLFACTORY BULB 

Is the same network involved in the generation of beta and 
gamma oscillations? As presented above, odorant presentation 
often leads to a gamma decrease coupled to a beta increase sug- 
gesting that the two rhythms share a common cellular substrate. If 
this is easily noticeable during odor-reward learning tasks, some 
studies involving passive and non-reinforced odor presentations 
find both gamma and beta enhancement during odor sampling 
(Lowry and Kay, 2007; Carlson et al., 2014). Stimulus delivery, not 
constraint by a nose poke may not be continuous, which could 
explain this discrepancy. Indeed, Lowry and Kay (2007) mention 
that within single investigation period, bursts at each frequency 
actually alternate, as it is reported in urethane anesthetized rats. 
In our hands, passive odor presentations induced the same shift 
from gamma to beta rhythm (Chabaud et al., 2000). The con- 
ditions of generation of gamma oscillations in the MOB have 
been extensively studied by computational modeling and electro- 
physiology in vivo or in vitro. Much less data have been collected 
concerning beta oscillations. 

Gamma bursts present during spontaneous activity are gener- 
ated in the MOB under the influence of spontaneous input from 
the neuroreceptors located in the nasal cavity (Hernandez-Peon 
et al., 1960; Gray and Skinner, 1988a), and are then trans- 
mitted to the PCx (Bressler, 1984; Mori et al., 2013). Indeed, 
blocking descending centrifugal influences by cooling or local 
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Table 1 | Beta oscillations recorded during odor presentation in awake mammals. 


Study 


Species 


Structures Frequency(Hz) 


Context 


Gray and Skinner, 1988a, b 


Rabbit 


Olfactory bulb 


15-25 


Repeated presentation of unreinforced odors 


Boeijinga and Lopes da 
Silva, 1989 


Cat 


Olfactory bulb, posterior piriform 
cortex, entorhinal cortex 


-18 


Exploratory sniffing, Go/No-Go-like with male 
and female urine 


Dumenko, 1995 


Dog 


Cortical areas including the 
olfactory bulb 


9-20 


Association between odor and food dispenser 


Heale and Vanderwolf, 
1994; Zibrowski and 
Vanderwolf, 1997; 
Zibrowski et al., 1998; 
Vanderwolf and Zibrowski, 
2001; Vanderwolf etal., 
2002 


Rat (and vole) 


Piriform cortex and dentate gyrus 


-20 


Passive odor presentation 


Chapman et al., 1998 


Rat 


Olfactory bulb, piriform cortex, 
entorhinal cortex, dentate gyrus 


15-35 


Passive odor presentation 


Kay and Freeman, 1998 


Rat 


Olfactory bulb, piriform cortex, 
entorhinal cortex, dentate gyrus 


12-35 


Odor discrimination (Go/No-Go) with fixed inter 
trial interval 


Chabaud etal., 2000 


Rat 


Olfactory bulb, piriform cortex, 
lateral entorhinal cortex 


15-30 


Exposure to behaviorally relevant odors 


Ravel et al., 2003; Martin 
etal., 2004a,b, 2006; 
Gourevitch etal., 2010 


Rat 


Olfactory bulb, piriform cortex, 
entorhinal cortex, hippocampus 


15-40 


Odor discrimination (Go/No-Go) 


Lowry and Kay, 2007 


Rat 


Olfactory bulb, anterior piriform 
cortex 


15-30 


Passive odor presentation 


Hermer-Vazquez et al., 
2007 


Rat 


Posterior piriform cortex, Motor 
area I, magnocellular red nucleus 


13-30 


Odor discrimination (Go/No-Go reach-to-grasp 
food task) 


Fuentes et al., 2008 


Rat 


Olfactory bulb 


10-40 


Odor discrimination 
(2 alternative choice) 


Chapuis et al., 2009 


Rat 


Olfactory bulb, piriform cortex, 
orbito-frontal cortex, basolateral 
amygdala, insular cortex, 
infralimbic cortex 


15-40 


Conditioned odor aversion 


Kay and Beshel, 2010 


Rat 


Olfactory bulb, piriform cortex 


15-35 


Odor discrimination 
(2 alternative choice) 


Carlson et al., 2014 


Rat 


Olfactory bulb, Olfactory tubercle 


15-35 


Passive odor presentation 


Igarashi et al., 2014 


Rat 


Dentate gyrus, entorhinal cortex 


20-40 


Odor discrimination 
(Odor-place association) 


Lepousez and Lledo, 2013 


Mouse 


Olfactory bulb 


20-40 


Odor discrimination (Go/No-Go) 


Chery etal., 2014 


Mouse 


Olfactory bulb 


15-35 


Association between odor and food dispenser 



infusion of anesthetic leads to an increase and not a decrease 
of MOB gamma bursts amplitude (Gray and Skinner, 1988a; 
Martin et al., 2006). In addition, the section of the lateral olfac- 
tory tract, which interrupts the transmission of the olfactory 
signal from the MOB to the PCx, selectively abolishes gamma 



bursts in the PCx (Neville and Haberly, 2003). On the contrary, 
pharmacological removal of centrifugal influences to the MOB 
abolishes beta oscillations in both the MOB and the PCx (Martin 
et al., 2006). Therefore, the major difference between the two 
rhythms is that gamma oscillations are generated locally within 
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the MOB, whereas beta oscillations require intact bidirectional 
connectivity at least between the MOB and the PCx. 

Within the MOB, gamma oscillations have been shown to be 
supported by the reciprocal synapse between mitral and gran- 
ule cells (Nusser et al., 2001; Bathellier et al., 2006; Schoppa, 
2006; Lagier et al., 2007; David et al, 2009). Computational 
models agree with the fact that these oscillations require an 
appropriate balance between excitation and inhibition, consis- 
tent with the mechanism proposed for gamma-band generation 
in other cortical areas (Cannon et al., 2014). Recent data have 
confirmed these mechanisms in awake mouse. They show that 
increasing the excitation/inhibition balance of MT cells via a 
decrease of GABAa receptors inhibition or local injection of glu- 
tamatergic agonists boosts gamma oscillatory power (Lepousez 
and Lledo, 2013). Consistently, selective MT cells drive using 
optogenetic technique causes a 5-10 fold increase of gamma 
oscillations without affecting other frequency bands. By scan- 
ning different frequency for light pulses (between 25 and 90 Hz), 
the authors show that the maximal response of the LFP occurs 
around 66 Hz, which corresponds to the dominant frequency of 
spontaneous gamma oscillations. Interestingly, the same GABAa 
receptors antagonist picrotoxin, which enhances gamma oscilla- 
tions, leads to a reduction of beta oscillations power by more than 
65%. On the contrary injection of MK801, an NMDA receptor 
antagonist, reduce gamma oscillations power without affecting 
beta oscillations (Lepousez and Lledo, 2013). Finally, modifica- 
tions of beta and gamma oscillations observed in the presence of 
glutamate reuptake blockers argue for a role of glutamate spillover 
in constraining synaptic time constants. They suggest that MT 
cells glutamate release may locally change NMDA and AMPA 
mediated excitation (Martin et al., 2012; Lepousez and Lledo, 
2013). 

Taken together, these data imply that the two rhythms require 
the MOB network to exist. Even if they are both constrained 
by inhibition onto MT cells, this inhibition is likely to occur 
under different forms: either locally within the MOB network 
(granule and periglomerular cells) or remotely through centrifu- 
gal feedback. Because beta oscillations require intact connections 
between the MOB and at least the PCx, they are likely to emerge 
when the cerebral network engaged is broader. In the following 
part, we will examine which behavioral conditions are associated 
with either of the two oscillations, and how the distinction can 
have a functional readout in the context of learning. 

ODOR LEARNING INDUCED MODIFICATIONS: DIFFERENT 
RHYTHMS FOR DIFFERENT LEARNING TASKS? 

As we discussed earlier, beta oscillatory activity has been observed 
in the olfactory system in naive animals in response to toxic or 
aversive odorants (Zibrowski et al, 1998; Vanderwolf et al., 2002). 
When exposed to a neutral unfamiliar odorant, only weak beta 
oscillations are observed but their amplitude increases through 
training as soon as this odor starts to acquire a behavioral mean- 
ing for the animal (Ravel et al, 2003; Martin et al, 2004b). Such 
a learning-induced increase in beta power has been observed in 
several structures associated with odor processing (MOB, PCx, 
entorhinal cortex, and hippocampus) and for a variety of behav- 
ioral paradigms (see Table 1): Go/No-Go task (Ravel et al., 2003; 



Martin et al, 2004b, 2007; Gourevitch et al, 2010; Lepousez and 
Lledo, 2013), two-alternative choice task (Fuentes et al., 2008) and 
aversive learning (Chapuis et al., 2009). However, a few studies, 
with similar operant conditioning, report an odor evoked gamma 
increase instead of a change in beta activity (Beshel et al., 2007; 
Rosero and Aylwin, 2011). 

It is easily arguable, when comparing the studies where LFPs 
have been recorded in olfactory structures in different operant 
tasks that the presence or not of substantial beta oscillations 
seems to be strongly dependent on the behavioral context of the 
task, and the cognitive strategy required to solve it (Kay et al., 
2006). Go/No-Go and two-alternative choice have been the two 
main tools used to assess odor discrimination and learning in 
rodents. In the case of the Go/No-Go task, two odorants are 
delivered in a random order, one is positively rewarded (CS+; 
sucrose) and another is not rewarded or associated with a neg- 
ative reinforcement (CS-; quinine). Initially, both odorants are 
neutral to the animals, and do not elicit any particular behav- 
ior. Over the course of training, animals learn to associate each 
odorant with the corresponding reward, and exhibit a differen- 
tial behavior in response to the two odorant stimuli. Reaching 
the behavioral criterion for good performances takes several ses- 
sions, a duration that can vary with the difficulty of the task, 
which depends itself on the qualitative proximity of the odorants 
used. 

In the Go/No-Go task, we have constantly found beta power 
increase during learning for both the CS+ and CS— (Martin et al., 
2004a,b, 2006), raising the question of the link between this activ- 
ity and the chemical feature of the odorant in one hand, or the 
odor meaning on the other hand. Oscillations in the olfactory sys- 
tem are triggered by odorant sampling and are likely to carry some 
aspects of odorants, as it has been demonstrated in anesthetized 
animals (Cenier et al, 2008). Indeed, by recording LFP signals 
from four different locations within the MOB, we showed that 
the main characteristics of beta oscillations (frequency and ampli- 
tude) are not homogeneous across the MOB, contrarily to gamma 
bursts recorded during spontaneous activity. Moreover, during 
learning, a stronger beta power is found in the posterior part of 
the structure (Martin et al., 2004b). Distinct odors evoke different 
amplitude levels of beta oscillations, irrespectively of the reward 
they are associated to. For a given animal, two different CS+ odor- 
ants can evoke distinct beta amplitude (Martin et al, 2004a), and 
a reversal procedure for an odorant pair (inverse learning contin- 
gencies) does not lead to the mirror image of the beta activity for 
each odor (Martin et al., 2007). Taken together, these data show 
that specificity of beta oscillations after learning would convey 
some feature of the odorant. However, it is likely that beta rhythm 
also reflects the odor signification acquired through learning. 

Contrarily to the Go/No-Go, where only one odor is rein- 
forced, the two-alternative choice task is symmetrically rewarded 
and a pellet is delivered for each correct response. This task, that 
seems more demanding for a rodent, is indeed often acquired 
slowly by the animals, and with a lower final performance 
(Friedrich, 2006; Slotnick, 2007). However, a recent study has 
shown that adjustment of parameters could allow to attain the 
same level of accuracy than for the Go/No-Go task in the 
same laps of time (Frederick et al, 2011). Besides the difficulty 
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of the task, we can make the hypothesis that these two tasks 
involve different strategies and thus activate different brain cir- 
cuits. In the two-alternative choice paradigm, odors can elicit 
high amplitude beta oscillations (10-30 Hz) and a significant 
decrease in the gamma band (70-100 Hz) (Fuentes et al., 2008). 
However, Beshel et al. (2007) using this task to compare suc- 
cessive odor pairs discriminations obtained different results. In 
this study, as expected, the animals are faster to reach the crite- 
rion for molecularly dissimilar odorants than for similar ones. 
Moreover, once animals are at the criterion for the discrimi- 
nation, odor evoked gamma (60-85 Hz) power is very high for 
fine discriminations and almost absent for coarse ones. Within a 
given session, gamma power increases almost linearly across trial 
block but resets at the beginning of each session even if perfor- 
mances are improved. Interestingly, gamma increase is restricted 
to the MOB and does not propagate to the PCx. However, 
besides this gamma response, beta oscillations are also observed 
in three interconnected olfactory areas (MOB and anterior and 
posterior PCx) and only the beta band exhibits consistently ele- 
vated coherence levels between these three areas during odor 
sniffing across all odor pairs, classes (alcohols and ketones), 
and discrimination types (fine and coarse) (Kay and Beshel, 
2010). 

As mentioned earlier, the respiratory modulation influences 
odor processing. In anesthetized-tracheotomized animals, an air- 
flow change is sufficient to change the relative power of beta and 
gamma frequency bursts (Courtiol et al., 2011). The direct rela- 
tion between sniffing properties and oscillatory patterns during 
olfactory conditioning is still an open question in awake ani- 
mals, who can actively tune their respiratory modulation. Still, we 
cannot exclude that sniffing properties affect oscillatory activities 
during odor sampling in the context of learning. A very recent 
paper showed that sniffing properties can be modulated by the 
context of the discrimination, i.e., which odor pair is presented 
during the test (Courtiol et al, 2014). However, the adjustment 
of sniffing parameters during odorant mixtures discrimination 
seems to rely largely on differences in sorption quality of the 
elements (Rojas-Libano and Kay, 2012). Evolution of sniffing fre- 
quency and/or duration during the acquisition of the task is more 
likely to affect the intensity or the length of oscillations rather 
than its frequency. 

We can rule out the hypothesis that only the concentration of 
odorant would turn beta into gamma in some conditions as it has 
been reported in anesthetized preparations (Neville and Haberly, 
2003) and suggested in other studies (Rosero and Aylwin, 2011). 
Indeed, Go/No-Go and two-alternative choice tests were in this 
case performed in the same laboratory, using the same appara- 
tus and the same odorant concentrations (Beshel et al., 2007; 
Martin et al, 2007). Beshel et al. (2007) show that the relatedness 
of the two odors involved in the discrimination increase gamma 
power in the MOB. However the relationship between the eleva- 
tion of gamma power and the chemical proximity of the odorants, 
directly linked with the difficulty of the task, seems to be task spe- 
cific. Indeed, as illustrated in Figure 2, the use of two chemically 
related odors heptanol and hexanol leads to different results in 
the two paradigms: beta band (15-40 Hz) power increase in the 
Go/No-Go paradigm (Martin et al, 2007) and enhanced gamma 



power (65-85 Hz) in the two -alternative choice task (Beshel et al., 
2007). 

How can we explain these discrepancies? One possibility could 
be that beta and gamma oscillations do correspond to distinct 
odor-related cognitive processing occurring at different stages of 
the training. Beta rhythm would be necessary, during the acquisi- 
tion of the discrimination, to set up a broad network of distant 
brain structures required for specific rules and odor encoding. 
Indeed, one consistency across studies is that beta connects dif- 
ferent brain areas (olfactory areas and beyond). Gamma could be 
required only in a subsequent stage of training, when odor dis- 
crimination has been learned by the rat, but its resolution is more 
challenging to reach the criterion. At this stage, the olfactory net- 
work has already been modified by learning and odor processing 
required for a fine sensory discrimination is rather supported by 
a local network and sustained by gamma band oscillations. This 
shift could allow a faster and more efficient treatment of odor, 
requiring less energy expenditure. 

In the context of two-alternative choice task, beta rhythm is 
indeed present during the first learning sessions and disappears 
in subsequent sessions (Beshel et al., 2007; Kay and Beshel, 2010). 
In this condition, the number of trials required to reach the cri- 
terion for a given odor pair is enhanced compared to Go/No-Go 
for instance for the pair hexanol/heptanol, 350 trials (Beshel et al., 
2007) vs. 72 trials (Martin et al., 2007) respectively (in both case, 
after rule transfer from previous odor pair discrimination). It is 
likely that the rat learns the discrimination between the odors 
during the first session, but that further sessions are necessary 
for the acquisition of the sensory-motor association. In the case 
where gamma oscillations are recorded in the context of a Go/No- 
Go task, the number of trials to criterion is also elevated (close to 
1000) (Rosero and Aylwin, 2011). 

The hypothesis that beta and gamma are two distinct mecha- 
nisms occurring at different time scale of the learning process is 
consistent with the idea proposed by Engel and Fries (2010) that 
beta band activity would dominate when top down input are the 
majority, whereas gamma band would rather reflects bottom-up 
local processing of sensory input. We will argue this hypothesis in 
the following part. 

GAMMA AND BETA OSCILLATIONS. LOCAL vs. DISTAL 
NETWORKS? 

In agreement with the notion that in brain circuits beta rhythms 
coordinate long-range communication whereas faster gamma 
rhythms are more related to local intra structure processing 
(Kopell et al, 2000; Siegel et al, 2012; Cannon et al, 2014), the 
emergence in the MOB and PCx of these two rhythms in odor- 
driven behavioral tasks is thus likely to sustain different network 
properties and processing. 

In line with their implication in memory processes, beta oscil- 
lations have been found to sustain long range interactions. They 
have been recorded in many distant brain structures related to 
olfactory-driven behavior. Beyond the MOB and the PCx, they 
have been found in the lateral entorhinal cortex (Martin et al., 
2004a; Igarashi et al, 2014), in the tubercle (Carlson et al., 
2014), the hippocampus (Martin et al, 2007; Igarashi et al., 
2014), in motor cortex Ml (Hermer- Vazquez et al., 2007) in 
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FIGURE 2 | Odor discrimination in two different behavioral tests led 
to distinct rhythms in the olfactory bulb. Example of raw LFP traces 
recorded in the olfactory bulb during a criterion session of discrimination 
between two alcohols (hexanol and heptanol) in two different paradigms: 
(A) a two-alternative choice test (Beshel et al., 2007) or (B) a Go/No-Go 
test (Martin et al., 2007). The two tests are schematized on the top. The 
main difference is that both odors are rewarded in the 2 alternative-choice 
whereas one odor is not rewarded in the Go/No-Go. In both cases, the 
same odor concentration is delivered. Odorants are generated in glass 



test tubes by bubbling air (100ml/min) through a column of pure odorant 
and injecting the odorized air into a carrier air stream (400ml/min) via a 
computer-controlled olfactometer achieving ~20% saturated vapor. LFPs 
recorded during odorant sampling periods are displayed, red arrows 
pointed out odorant onset. As underlined by shaded regions, in the 
two-alternative choice test, odors evoke high gamma power (65-85 Hz) 
whereas in the Go/No-Go context, odorant sampling is associated with a 
strong beta wave (15-40 Hz). It has to be noted that both rewarded and 
unrewarded odors trigger beta rhythm in the Go/No-Go test. 



different parts of the prefrontal cortex (infralimbic and orbito- 
frontal cortex), the basolateral amygdala, and the insular cortex 
(Chapuis et al, 2009). Interestingly, using an olfactory discrim- 
ination Go/No-Go task, van Wingerden et al. (2010) reported 
an increase in gamma oscillations in the orbitofrontal cortex, 
where power was correlated with rat training and performance, as 
shown by Beshel et al. (2007) in the MOB. However, in the same 
study, the authors also observe some late beta oscillatory activ- 
ity more associated with odorant sampling and very similar to 
what was reported in the MOB or the hippocampus (Martin et al., 
2004b, 2007). This shift from gamma to beta rhythm observed 
in several areas associated with odorant sampling just before the 
animal makes a decision is in agreement with the hypothesis of 
a general beta synchronization across odor-processing areas that 
could be the signature of a functional network set up through 
learning. 

Whereas gamma oscillations recorded in these structures are 
likely to reflect local processing and thus to have a distinct origin 
from that recorded in primary olfactory structures, we propose 
that beyond the MOB and PCx, beta oscillations would tag brain 
structures involved in the behavioral task that the animal is per- 
forming and form a unique representation of the odor in this 



task. Studies where multielectrode recordings have been per- 
formed have shown that beta increase occurred specifically in 
brain regions involved in the task performed by the animal. 
Indeed, in Martin et al. (2007), beta does not increase in the hip- 
pocampus for the first odor discrimination but for the transfer 
that is more likely to involve the structure. In the same way, after 
odor aversive conditioning, beta oscillations increase in insular 
and infralimbic cortices when the odor is ingested but not when 
it is delivered by airflow (Chapuis et al., 2009). By extension, we 
postulate that other brain areas, not yet studied, are capable of 
joining beta oscillatory network if involved in a given olfactory 
task. 

One striking and stable characteristic of the emergence of beta 
rhythm in olfactory structures is that it is narrowly linked to 
behavioral output. Interestingly, beta power modulations seem 
to follow some aspects of the learning curve dynamics at least in 
the MOB and PCx. Indeed, beta gradually increases across train- 
ing sessions (Martin et al, 2004b) and a strong beta oscillatory 
activity is observed just one or two sessions before the learning 
criterion was reached regardless of the time needed by the rat to 
acquire the discrimination (Ravel et al, 2003; Martin et al, 2004b, 
2007). This is also true when odor learning is achieved in 1 day 



Frontiers in Behavioral Neuroscience 



www.frontiersin.org 



June 2014 | Volume 8 | Article 218 | 8 



Martin and Ravel 



Oscillations and olfactory memory networks 



in the context of aversive odor learning (Chapuis et al., 2009) or 
following rule transfer to a new odor pair discrimination, which 
is done within one learning session (Martin et al., 2007). It is 
important to underline that beta power increases specifically for 
the learnt odor pair and falls down at the beginning of each new 
odor pair presentation. If training is continued post-criterion, 
beta power decreases as a function of overtraining (Martin et al., 
2007). On the contrary, we observe that once the discrimination 
is achieved, if animals are put at rest and not tested for a long 
period (from a week to a month), beta oscillation emerges again 
stronger than ever. This latter effect is observed both after appeti- 
tive and aversive conditioning (Martin et al., 2004b; Chapuis et al., 
2009). Finally, the emergence of beta oscillatory activity in a net- 
work seems to be highly specific of the conditioning procedure. 
Taking advantage of two different experimental situations suit- 
able to induce a conditioned olfactory aversion we were able to 
demonstrate two different odor-evoked beta networks according 
to how the odor has been previously experienced by the animal 
(Chapuis et al, 2009). 

All together these observations have therefore spawned the 
idea that beta rhythm might be necessary to bind together ele- 
ments of a broad network and contribute to the build-up of 
memory. Indeed, we make the hypothesis that such a coordinated 
oscillatory activity could be used to tag preferentially inter or intra 
area connections that need to be reinforced to be efficiently and 
rapidly reactivated when the odor is further encountered. This 
idea has been strongly reinforced by a recent article that iden- 
tified beta oscillations coupling between the entorhinal cortex 
and the hippocampus as a mechanism for the emergence of a 
functional circuit during encoding of odor associative memory 
(Igarashi et al, 2014). 

The shift between gamma and beta when an odor is processed 
is likely due to a change in bidirectional connections between the 
MOB and other cerebral structures (Figure 3). 

It has been reported for a long time that centrifugal influences 
are gating synaptic plasticity processes in both MOB and PCx (for 
a review see Mandairon and Linster, 2009). As expected, manip- 
ulations of centrifugal projections alter behavior. The lesion of 
efferent inputs to the MOB prevents the formation of odor- 
reward associations, but has no effect on the resolution of 
spontaneous habituation experiment (Kiselycznyk et al, 2006). 
Besides, specific manipulation of noradrenergic action to the 
MOB impairs mice in discrimination learning in a Go/No-Go 
paradigm (Doucette et al., 2007). In this same task, MT cells 
undergo a profound change in odor responsiveness throughout a 
learning session (Doucette and Restrepo, 2008), that is dependent 
on centrifugal feedback (Restrepo et al., 2009). Both cortical feed- 
back and neuromodulatory influences play a determinant role in 
the shift between gamma and beta rhythms as indicated by the 
impact of their local blockade on the odor-evoked activity in both 
the MOB and the PCx in a Go/No-Go task (Martin et al, 2006), 
reinforcing their link with expression of plasticity and memory 
processes. Interestingly, directed coherence analyses have shown 
that during odorant sampling, the MOB would drive odor related 
beta activity to the PCx (Boeijinga and Lopes da Silva, 1989; Kay 
and Beshel, 2010) and to the hippocampus (Chapman et al., 1998; 
Gourevitch et al., 2010), carrying relevant information in the 



bottom up direction instead of the reverse. In contrast, it could 
be the opposite during memory consolidation since in a slow- 
wave sleep-like state induced under anesthesia, the functional link 
based on slow waves LFP recordings (<15 Hz) is in the direction 
of the hippocampus to the PCx (Wilson and Yan, 2010). That beta 
rhythm could play a role in memory consolidation during sleep 
remains an open question. 

The ultimate argument for a causal link between emergence 
of oscillatory activities and improvement of behavioral perfor- 
mance would be to degrade beta/gamma oscillatory dynamic in 
the network and observe behavioral impairment. Few studies have 
been conducted in MOB mammals that mainly addressed gamma 
activity. Local injection of low doses of picrotoxin, a GABAa 
receptor antagonist were reported to enhance gamma oscilla- 
tions and also led to behavioral modifications: mice displayed 
an increased odorant sampling time, and their performances 
were selectively altered in the case of a fine odor discrimi- 
nation in a Go/No-Go paradigm (Lepousez and Lledo, 2013). 
Nusser et al. (2001) used a transgenic mouse model, in 
which GABAa receptors were disrupted specifically on gran- 
ule cells, i.e., those cells where centrifugal feedback targets 
and reported gamma oscillations power was enhanced in the 
MOB. Behavioral testing concluded that whereas mice seemed 
to perform better on a simple odor identification task, they 
were impaired on a mixture discrimination test. Interestingly, 
these two studies show that network modifications that lead 
to gamma band increase also result in behavioral impair- 
ment. Using pharmacological blockade, we have reported that 
inactivation of feedback projections abolish beta oscillations 
and conversely increases gamma power (Martin et al., 2006). 
Consequently, we postulate that those modifications that increase 
gamma oscillations and also lead to beta weakening impair 
behavior. 

CONCLUSION 

In this review, we focused on two different oscillatory rhythms 
beta (15-40 Hz) and gamma (60-100 Hz) that have been associ- 
ated with olfactory stimulus processing. We propose that gamma 
activity is associated with the resting state of a network limited 
to the first two steps of the olfactory system (MOB and ante- 
rior part of the PCx). As reported, this basic activity could be 
modulated in power during learning according to some experi- 
mental conditions but rather reflects the involvement of a limited 
local network under the control of higher cortical feedback and 
neuromodulators. In behaving animals, as soon as an odor is pro- 
cessed, this local coordination is disrupted and replaced by a lower 
frequency oscillation in the beta range (15-40 Hz). Most of the 
data reported in this review lead to the hypothesis that beta activ- 
ity is the signature of a larger network including not only olfactory 
sensory areas but also each structure involved in the processing of 
the odorant stimulus, which could differ according to the behav- 
ioral situation. As stated in the present article, a decent amount 
of data is in favor of a strong correlation between beta oscil- 
lation modulation in power and learning-induced changes, in 
both rats and mice. Beta rhythm frequency is well suited for long 
range interactions (Kopell et al., 2000; Von Stein and Sarnthein, 
2000) and thus for sustaining memory processes. The presence of 
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FIGURE 3 | Schematic illustration of hypotheses for the generation of 
beta (15-35 Hz) and gamma (60-90 Hz) rhythms in the olfactory bulb and 
the piriform cortex in awake behaving animals. Example of raw LFP 
traces recorded (A) in the MOB in the absence of olfactory stimulation and 
(B) in MOB and two different regions of the PCx before learning and (C) after 
learning during a conditioned discrimination paradigm (Go/No-Go), a-c: 
Corresponding schematic representation of MOB and PCx interconnected 
networks and centrifugal modulation. The level of neuromodulation is 
represented by the red arrow on the left, the level of cortical feedback by 
green arrow on the right. (A) Spontaneous activity: in the absence of 
olfactory stimulation. Observe the regular theta respiratory modulation 
(around 2 Hz) and the associated bursts of gamma activity (60-90 Hz). See 
also in (B) and (C) the portion just preceding the odorant sampling (green 
square area) how the gamma bursts decrease in the posterior part of the PCx 
compare to the MOB and anterior part of PCx. a: In the absence of olfactory 
stimulation, the level of activation in both networks is weak and variable and 
both structures are dominated by theta and gamma activity. Gamma activity 
is transmitted from the MOB to the PCx. (B) Before learning: during odorant 



sampling, occurrence of gamma bursts is reduced but recovered after the 
animal has left the odor port, b: During this phase, a population of mitral cells 
of the MOB becomes active, this input is transmitted to a corresponding 
population of pyramidal cells. Both neuromodulatory and cortical feedback are 
exerted on the networks. However, no real coordination is set up in the 
network. (C) During training: In addition to a strong and sustained decrease in 
gamma activity, a clear beta oscillation is observed in the MOB and two 
regions of PCx associated to odorant sampling, c: During this phase, we 
propose that both assemblies of active mitral cells and pyramidal cells 
reinforce their connections. The result could be a more efficient and rapid 
transfer of olfactory information. This coordination is under the influence of 
both cortical feedback and neuromodulatory fibers as suggested by the 
results we observed with lidocaine inactivation of the peduncle (Martin et al., 
2006). Once synaptic contacts are established, if the training is maintained to 
get over training, the amplitude of beta oscillatory activity decreases. On the 
contrary, if the animal is left in his home cage for a long interval without 
training and tested again, both structures exhibit a very strong beta 
oscillatory activity. 
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beta oscillatory rhythm within and between neuronal networks 
would optimize information processing, representing a frame- 
work for neuronal synchronization. By this mean odor coding 
would be more efficient and temporal simultaneity would favor 
hebbian mechanism of plasticity (Cassenaer and Laurent, 2007). 
However, we still lack evidence to disambiguate whether beta 
oscillations are instrumental for processes like spike timing plas- 
ticity in the network or if on the contrary they are just reflecting 
these changes. Nevertheless, we propose the idea that mapping 
such oscillatory activities in a neural network could be a good 
way to assess learning-induced brain plasticity at least in the con- 
text of odor-guided tasks. Recently, beta oscillations have also 
been used as a tool to reveal impaired network activity preced- 
ing behavioral dysfunctions (Wesson et al., 2011) and evaluate the 
impact of a treatment to enhance clearance of beta- amyloid pro- 
tein in a mouse model of Alzheimer disease (Cramer et al, 2012). 
Providing experimental evidence to support a causal link between 
oscillatory binding and inter area synchronization will be one of 
the main goal for the future. 

ACKNOWLEDGMENT 

This review has received the financial support of the excellence 
network LABEX Cortex. 

REFERENCES 

Adrian, E. D. (1942). Olfactory reactions in the brain of the hedgehog. /. Physiol. 
100, 459-473. 

Adrian, E. D. (1950). The electrical activity of the mammalian olfactory 
bulb. Electroencephalogr. Clin. Neurophysiol. 2, 377-388. doi: 10.1016/0013- 
4694(50)90075-7 

Barkai, E., and Saar, D. (2001). Cellular correlates of olfactory learn- 
ing in the rat piriform cortex. Rev. Neurosci. 12, 111-120. doi: 
10.1515/REVNEURO.2001. 12.2.111 

Bathellier, B., Lagier, S., Faure, P., and Lledo, P. M. (2006). Circuit properties 
generating gamma oscillations in a network model of the olfactory bulb. 
J. Neurophysiol. 95, 2678-2691. doi: 10.1152/jn.01141.2005 

Bekkers, J. M., and Suzuki, N. (2013). Neurons and circuits for odor 
processing in the piriform cortex. Trends Neurosci. 36, 429-438. doi: 
10.1016/j.tins.2013.04.005 

Beshel, J., Kopell, N., and Kay, L. (2007). Olfactory bulb gamma oscilla- 
tions are enhanced with task demands. /. Neurosci. 27, 8358-8365. doi: 
10.1523/JNEUROSCI.l 199-07.2007 

Binns, K. E., and Brennan, P. A. (2005). Changes in electrophysiological activ- 
ity in the accessory olfactory bulb and medial amygdala associated with mate 
recognition in mice. Eur. J. Neurosci. 21, 2529-2537. doi: 10.1 1 1 l/j.1460- 
9568.2005.04090.x 

Boeijinga, P. H., and Lopes da Silva, F. H. (1989). Modulations of EEG activity 
in the entorhinal cortex and forebrain olfactory areas during odour sampling. 
Brain Res. 478, 257-268. doi: 10.1016/0006-8993(89)91506-0 

Boyd, A. M., Sturgill, J. E, Poo, C, and Isaacson, J. S. (2012). Cortical 
feedback control of olfactory bulb circuits. Neuron 76, 1161-1174. doi: 
10.1016/j.neuron.2012.10.020 

Bressler, S. (1984). Spatial organization of EEGs from olfactory bulb and cor- 
tex. Electroencephalogr. Clin. Neurophysiol. 57, 270-276. doi: 10.1016/0013- 
4694(84)90128-7 

Buffalo, E. A., Fries, P., Landman, R., Buschman, T. J., and Desimone, R. (2011). 

Laminar differences in gamma and alpha coherence in the ventral stream. Proc. 

Natl. Acad. Sci. U.S.A. 108, 11262-11267. doi: 10.1073/pnas.l011284108 
Buonviso, N., Amat, C, and Litaudon, P. (2006). Respiratory modulation of 

olfactory neurons in the rodent brain. Chem. Senses 31, 145-154. doi: 

10.1093/chemse/bjjOlO 
Buonviso, N., Amat, C, Litaudon, P., Roux, S., Royet, J. P., Farget, V., et al. (2003). 

Rhythm sequence through the olfactory bulb layers during the time window 



of a respiratory cycle. Eur. }. Neurosci. 17, 1811-1819. doi: 10. 1046/j. 1460- 
9568.2003.02619.x 

Buzsaki, C, Anastassiou, C. A., and Koch, C. (2012). The origin of extracellu- 
lar fields and currents-EEG, ECoG, LFP and spikes. Nat. Rev. Neurosci. 13, 
407-420. doi: 10.1038/nrn3241 

Cannon, J., McCarthy, M. M., Lee, S., Lee, J., Borgers, C, Whittington, M. A., et al. 
(2014). Neurosystems: brain rhythms and cognitive processing. Eur. J. Neurosci. 
39, 705-719. doi: 10.1111/ejn.l2453 

Carlson, K. S„ Dillione, M. R., and Wesson, D. W. (2014). Odor- and state- 
dependent olfactory tubercle local field potential dynamics in awake rats. 
/. Neurophysiol. Ill, 2109-2123. doi: 10.1152/jn.00829.2013 

Cassenaer, S., and Laurent, G. (2007). Hebbian STDP in mushroom bodies facil- 
itates the synchronous flow of olfactory information in locusts. Nature 448, 
709-713. doi: 10.1038/nature05973 

Cenier, T, Amat, C, Litaudon, P., Garcia, S., Lafaye de Micheaux, P., Liquet, B., 
et al. (2008). Odor vapor pressure and quality modulate local field potential 
oscillatory patterns in the olfactory bulb of the anesthetized rat. Eur. J. Neurosci. 
27, 1432-1440. doi: 10.1111/j.l460-9568.2008.06123.x 

Chabaud, P., Ravel, N., Wilson, D. A., Mouly, A. M., Vigouroux, M., Farget, V., et al. 
(2000). Exposure to behaviourally relevant odour reveals differential character- 
istics in rat central olfactory pathways as studied through oscillatory activities. 
Chem. Senses 25, 561-573. doi: 10.1093/chemse/25.5.561 

Chapman, C. A., Xu, Y., Haykin, S., and Racine, R. J. (1998). Beta-frequency (15- 
35 Hz) electroencephalogram activities elicited by toluene and electrical stim- 
ulation in the behaving rat. Neuroscience 86, 1307-1319. doi: 10.1016/S0306- 
4522(98)00092-X 

Chapuis, J., Garcia, S., Messaoudi, B., Thevenet, M., Ferreira, G., Gervais, R., 
et al. (2009). The way an odor is experienced during aversive condition- 
ing determines the extent of the network recruited during retrieval: a mul- 
tisite electrophysiological study in rats. /. Neurosci. 29, 10287-10298. doi: 
10.1523/JNEUROSCI.0505-09.2009 

Chapuis, J., and Wilson, D. A. (2012). Bidirectional plasticity of cortical pattern 
recognition and behavioral sensory acuity. Nat, Neurosci. 15, 155-161. doi: 
10.1038/nn.2966 

Chery, R., Gurden, H., and Martin, C. (2014). Anesthetic regimes modulate 

the temporal dynamics of local field potential in the mouse olfactory bulb. 

/. Neurophysiol. Ill, 908-917. doi: 10.1152/jn.00261.2013 
Cleland, T. A., and Linster, C. (2003). "Central olfactory structures," in Handbook 

of Olfaction and Gustation, ed R. L. Doty (New York, NY; Basel: Marcel Dekker, 

Inc.), 165-180. 

Courtiol, E., Amat, C, Thevenet, M., Messaoudi, B., Garcia, S., and Buonviso, N. 

(2011) . Reshaping of bulbar odor response by nasal flow rate in the rat. PLoS 
ONE6:el6445. doi: 10.1371/journal.pone.0016445 

Courtiol, E., Lefevre, L., Garcia, S., Thevenet, M., Messaoudi, B., and Buonviso, N. 
(2014). Sniff adjustment in an odor discrimination task in the rat: analytical or 
synthetic strategy? Front. Behav. Neurosci. 8:145. doi: 10.3389/fnbeh.2014.00145 

Cramer, P. E., Cirrito, J. R., Wesson, D. W., Lee, C. Y, Karlo, J. C, Zinn, A. E., et al. 

(2012) . ApoE-directed therapeutics rapidly clear ^-amyloid and reverse deficits 
in AD mouse models. Science 335, 1503-1506. doi: 10.1126/science.l217697 

David, F. O., Hugues, E., Cenier, T, Fourcaud-Trocme, N., and Buonviso, N. (2009). 
Specific entrainment of mitral cells during gamma oscillation in the rat olfac- 
tory bulb. PLoS Comput. Biol. 5:el000551. doi: 10.1371/journal.pcbi.l000551 

Davis, R. L. (2004). Olfactory learning. Neuron 44, 31-48. doi: 10.1016/j.neuron. 
2004.09.008 

Dias, B. G., and Ressler, K. J. (2014). Parental olfactory experience influences behav- 
ior and neural structure in subsequent generations. Nat. Neurosci. 17, 89-96. 
doi: 10.1038/nn.3594 

Di Prisco, G. V., and Freeman, W. J. (1985). Odor-related bulbar EEG spatial pattern 
analysis during appetitive conditioning in rabbits. Behav. Neurosci. 99, 964-978. 
doi: 10.1037/0735-7044.99.5.964 

Doucette, W., Milder, J., and Restrepo, D. (2007). Adrenergic modulation of olfac- 
tory bulb circuitry affects odor discrimination. Learn. Mem. 14, 539-547. doi: 
10.1101/lm.606407 

Doucette, W., and Restrepo, D. (2008). Profound context-dependent plasticity of 
mitral cell responses in olfactory bulb. PLoS Biol. 6:e258. doi: 10.1371/jour- 
nal.pbio.0060258 

Dumenko, V. N. (1995). Dynamic shifts in the parameters of the traditional fre- 
quency range of the EEG during learning in dogs. Neurosci. Behav. Physiol. 25, 
403-412. doi: 10.1007/BF02359597 



Frontiers in Behavioral Neuroscience 



www.frontiersin.org 



June 2014 | Volume 8 | Article 218 | 11 



Martin and Ravel 



Oscillations and olfactory memory networks 



Eeckman, F. H., and Freeman, W. J. (1990). Correlations between unit firing and 
EEG in the rat olfactory system. Brain Res. 528, 238-244. doi: 10.1016/0006- 
8993(90)91663-2 

Engel, A. K., and Fries, P. (2010). Beta-band oscillations-signalling the status quo? 

Curr. Opin. Neurobiol. 20, 156-165. doi: 10.1016/j.conb.2010.02.015 
Engel, A. K., Fries, P., and Singer, W. (2001). Dynamic predictions: oscillations 

and synchrony in top-down processing. Nat. Rev. Neurosci. 2, 704-716. doi: 

10.1038/35094565 

Ennis, M., Hamilton, K. A., and Hayar, A. (2007). "Neurochemistry of the main 
olfactory system," in Handbook of Neurochemistry and Molecular Neurobiology, 
3rd Edn, ed A. Lajtha (New York, NY: Springer), 137-204. 

Fell, J., and Axmacher, N. (2011). The role of phase synchronization in memory 
processes. Nat. Rev. Neurosci. 12, 105-118. doi: 10.1038/nrn2979 

Fletcher, M. L., and Wilson, D. A. (2003). Olfactory bulb mitral-tufted cell plastic- 
ity: odorant-specific tuning reflects previous odorant exposure. /. Neurosci. 23, 
6946-6955. 

Frederick, D. E., Rojas-Llbano, D., Scott, M., and Kay, L. M. (2011). Rat behav- 
ior in go/no-go and two-alternative choice odor discrimination: differences and 
similarities. Behav. Neurosci. 125, 588-603. doi: 10.1037/a0024371 

Freeman, W., and Schneider, W. (1982). Changes in spatial patterns of rabbit 
olfactory EEG with conditioning to odors. Psychophysiology 19, 44-56. doi: 
10. 1 1 1 1/j. 1469-8986.1982.tb02598.x 

Freeman, W. J. (1960). Correlation of electrical activity of prepyriform cortex and 
behavior in cat. /. Neurophysiol. 23, 111-131. 

Friedrich, R. W. (2006). Mechanisms of odor discrimination: neurophys- 
iological and behavioral approaches. Trends Neurosci. 29, 40-47. doi: 
10.1016/j.tins.2005. 10.004 

Fuentes, R. A., Aguilar, M. I., Aylwin, M. L., and Maldonado, P. E. (2008). 
Neuronal activity of mitral-tufted cells in awake rats during passive and 
active odorant stimulation. /. Neurophysiol. 100, 422-430. doi: 10.1152/jn.000 
95.2008 

Fukunaga, I., Berning, M., Kollo, M., Schmaltz, A., and Schaefer, A. T. (2012). 

Two distinct channels of olfactory bulb output. Neuron 75, 320-329. doi: 

10.1016/j.neuron.2012.05.017 
Gottfried, J. A. (2010). Central mechanisms of odour object perception. Nat. Rev. 

Neurosci. 11, 628-641. doi: 10.1038/nrn2883 
Gourevitch, B., Kay, L. M., and Martin, C. (2010). Directional coupling from the 

olfactory bulb to the hippocampus during a go/no-go odor discrimination task. 

/. Neurophysiol. 103, 2633-2641. doi: 10.1152/jn.01075.2009 
Gray, C, and Skinner, J. (1988a). Centrifugal regulation of neuronal activity in the 

olfactory bulb of the waking rabbit as revealed by reversible cryogenic blockade. 

Exp. Brain Res. 69, 378-386. doi: 10.1007/BF00247583 
Gray, C. M. (1994). Synchronous oscillations in neuronal systems: mechanisms and 

functions./. Comput. Neurosci. 1, 11-38. doi: 10.1007/BF00962716 
Gray, C. M., and Skinner, J. E. (1988b). Field potential response changes 

in the rabbit olfactory bulb accompany behavioral habituation during the 

repeated presentation of unreinforced odors. Exp. Brain Res. 73, 189-197. doi: 

10.1007/BF00279672 
Haberly, L. (2001). Parallel-distributed processing in olfactory cortex: new insights 

from morphological and physiological analysis of neuronal circuitry. Chem. 

Senses 26, 551-576. doi: 10.1093/chemse/26.5.551 
Hagiwara, A., Pal, S. K., Sato, T. E, Wienisch, M., and Murthy, V. N. (2012). 

Optophysiological analysis of associational circuits in the olfactory cortex. 

Front. Neural Circuits 6:18. doi: 10.3389/fhcir.2012.00018 
Heale, V. R., and Vanderwolf, C. H. (1994). Dentate gyrus and olfactory bulb 

responses to olfactory and noxious stimulation in urethane anaesthetized rats. 

Brain Res. 652, 235-242. doi: 10.1016/0006-8993(94)90232-1 
Hermer- Vazquez, R., Hermer- Vazquez, L., Srinivasan, S., and Chapin, J. K. (2007). 

Beta- and gamma-frequency coupling between olfactory and motor brain 

regions prior to skilled, olfactory-driven reaching. Exp. Brain Res. 180, 217-235. 

doi: 10.1007/s00221-007-0850-2 
Hernandez-Peon, R., Lavin, A., Alcocer-Cuaron, C, and Marcelin, J. P. 

(1960). Electrical activity of the olfactory bulb during wakefulness and 

sleep. Electroencephalogr. Clin. Neurophysiol. 12, 41-58. doi: 10.1016/0013- 

4694(60)90060-2 

Hintiryan, H., Gou, L., Zingg, B., Yamashita, S., Lyden, H. M., Song, M. Y., et al. 
(2012). Comprehensive connectivity of the mouse main olfactory bulb: analysis 
and online digital atlas. Front. Neuroanat. 6:30. doi: 10.3389/fnana.2012.00030 



Igarashi, K. M., Lu, L., Colgin, L. L., Moser, M. B., and Moser, E. I. (2014). 

Coordination of entorhinal-hippocampal ensemble activity during associative 

learning. Nature 510, 143-147. doi: 10.1038/naturel3162 
Jones, S. V., Choi, D. C, Davis, M., and Ressler, K. J. (2008). Learning-dependent 

structural plasticity in the adult olfactory pathway. /. Neurosci. 28, 13106-13111. 

doi: 10.1523/JNEUROSCI.4465-08.2008 
Kay, L., Beshel, J., Brea, J., Martin, C, Rojas-Llbano, D., and Kopell, N. (2009). 

Olfactory oscillations: the what, how and what for. Trends Neurosci. 32, 207-2 14. 

doi: 10.1016/j.tins.2008.11.008 
Kay, L., Beshel, J., and Martin, C. (2006). When good enough is best. Neuron 51, 

277-278. doi: 10.1016/j.neuron.2006.07.015 
Kay, L. M. (2003). Two species of gamma oscillations in the olfactory bulb: depen- 
dence on behavioral state and synaptic interactions. /. Integr. Neurosci. 2, 3 1-44. 

doi: 10.1142/S0219635203000196 
Kay, L. M., and Beshel, J. (2010). A beta oscillation network in the rat olfactory 

system during a 2-alternative choice odor discrimination task. /. Neurophysiol. 

104, 829-839. doi: 10.1152/jn.00166.2010 
Kay, L. M., and Freeman, W. J. (1998). Bidirectional processing in the olfactory- 

limbic axis during olfactory behavior. Behav. Neurosci. 112, 541-553. doi: 

10.1037/0735-7044.112.3.541 
Kepecs, A., Uchida, N., and Mainen, Z. F. (2006). The sniff as a unit of olfactory 

processing. Chem. Senses 31, 167-179. doi: 10.1093/chemse/bjj016 
Kiselycznyk, C. L., Zhang, S., and Linster, C. (2006). Role of centrifugal projec- 
tions to the olfactory bulb in olfactory processing. Learn. Mem. 13, 575-579. 

doi: 10.1101/lm.285706 
Kopell, N., Ermentrout, G, Whittington, M., and Traub, R. (2000). Gamma 

rhythms and beta rhythms have different synchronization properties. Proc. Natl. 

Acad. Sci. U.S.A. 97, 1867-1872. doi: 10.1073/pnas.97.4.1867 
Lagier, S., Panzanelli, P., Russo, R. E., Nissant, A., Bathellier, B., Sassoe-Pognetto, 

M., et al. (2007). GABAergic inhibition at dendrodendritic synapses tunes 

{gamma} oscillations in the olfactory bulb. Proc. Natl. Acad. Sci. U.S.A. 104, 

7259-7264. doi: 10.1073/pnas.0701846104 
Lavin, A., Alcocer-Cuaron, C, and Hernandez-Peon, R. (1959). Centrifugal arousal 

in the olfactory bulb. Science 129, 332-333. doi: 10.1126/science.l29.3345.332 
Lepousez, G, and Lledo, P. M. (2013). Odor discrimination requires proper 

olfactory fast oscillations in awake mice. Neuron 80, 1010-1024. doi: 

10.1016/j.neuron.2013.07.025 
Linster, C, and Hasselmo, M. E. (2001). Neuromodulation and the func- 
tional dynamics of piriform cortex. Chem. Senses 26, 585-594. doi: 

10.1093/chemse/26.5.585 
Litaudon, P., Amat, C, Bertrand, B., Vigouroux, M., and Buonviso, N. (2003). 

Piriform cortex functional heterogeneity revealed by cellular responses to 

odours. Eur. J. Neurosci. 17, 2457-2461. doi: 10.1046/j.l460-9568.2003. 

02654.x 

Liu, S., Plachez, C, Shao, Z., Puche, A., and Shipley, M. T. (2013). Olfactory 
bulb short axon cell release of GABA and dopamine produces a temporally 
biphasic inhibition-excitation response in external tufted cells. /. Neurosci. 33, 
2916-2926. doi: 10.1523/JNEUROSCI.3607-12.2013 

Lowry, C, and Kay, L. (2007). Chemical factors determine olfactory sys- 
tem beta oscillations in waking rats. /. Neurophysiol. 98, 394-404. doi: 
10.1152/jn.00124.2007 

Manabe, H., and Mori, K. (2013). Sniff rhythm-paced fast and slow gamma- 
oscillations in the olfactory bulb: relation to tufted and mitral cells and 
behavioral states. /. Neurophysiol. 110, 1593-1599. doi: 10.1152/jn.00379.2013 

Mandairon, N., and Linster, C. (2009). Odor perception and olfactory 
bulb plasticity in adult mammals. /. Neurophysiol. 101, 2204-2209. doi: 
10.1152/jn.00076.2009 

Martin, C, Beshel, J., and Kay, L. M. (2007). An olfacto-hippocampal network 
is dynamically involved in odor-discrimination learning. /. Neurophysiol. 98, 
2196-2205. doi: 10.1152/jn.00524.2007 

Martin, C, Gervais, R., Chabaud, P., Messaoudi, B., and Ravel, N. (2004a). 
Learning-induced modulation of oscillatory activities in the mammalian 
olfactory system: the role of the centrifugal fibres. /. Physiol. 98, 467-478. doi: 
10.1016/j.jphysparis.2005.09.003 

Martin, C, Gervais, R., Hugues, E., Messaoudi, B., and Ravel, N. (2004b). 
Learning modulation of odor-induced oscillatory responses in the rat olfac- 
tory bulb: a correlate of odor recognition? /. Neurosci. 24, 389-397. doi: 
10.1523/JNEUROSCI.3433-03.2004 



Frontiers in Behavioral Neuroscience 



www.frontiersin.org 



June 2014 | Volume 8 | Article 218 | 12 



Martin and Ravel 



Oscillations and olfactory memory networks 



Martin, C, Gervais, R., Messaoudi, B., and Ravel, N. (2006). Learning-induced 
oscillatory activities correlated to odour recognition: a network activity. Eur. 
J. Neurosci. 23, 1801-1810. doi: 10.1111/j.l460-9568.2006.04711.x 

Martin, C, Houitte, D., Guillermier, M., Petit, E, Bonvento, G., and Gurden, H. 

(2012) . Alteration of sensory-evoked metabolic and oscillatory activities in 
the olfactory bulb of GLAST-deficient mice. Front. Neural Circuits 6:1. doi: 
10.3389/fncir.2012.00001 

Matsutani, S. (2010). Trajectory and terminal distribution of single centrifugal 
axons from olfactory cortical areas in the rat olfactory bulb. Neuroscience 169, 
436-448. doi: 10.1016/j.neuroscience.2010.05.001 

Mori, K., Manabe, H., Narikiyo, K., and Onisawa, N. (2013). Olfactory conscious- 
ness and gamma oscillation couplings across the olfactory bulb, olfactory cortex, 
and orbitofrontal cortex. Front. Psychol. 4:743. doi: 10.3389/fpsyg.2013.00743 

Mouly, A. M., Fort, A., Ben-Boutayab, N., and Gervais, R. (2001). Olfactory learn- 
ing induces differential long-lasting changes in rat central olfactory pathways. 
Neuroscience 102, 11-21. doi: 10.1016/S0306-4522(00)00476-0 

Mouly, A. M., and Gervais, R. (2002). Polysynaptic potentiation at different lev- 
els of rat olfactory pathways following learning. Learn. Mem. 9, 66-75. doi: 
10.1101/lm.45602 

Neville, K. R., and Haberly, L. B. (2003). Beta and gamma oscillations in the olfac- 
tory system of the urethane-anesthetized rat. /. Neurophysiol. 90, 3921-3930. 
doi: 10.1152/jn.00475.2003 

Nusser, Z., Kay, L., Laurent, G., Homanics, G., and Mody, I. (2001). Disruption of 
GABA(A) receptors on GABAergic interneurons leads to increased oscillatory 
power in the olfactory bulb network. /. Neurophysiol 86, 2823-2833. 

Perez-Orive, J., Mazor, O., Turner, G. C., Cassenaer, S., Wilson, R. I., and Laurent, 
G. (2002). Oscillations and sparsening of odor representations in the mushroom 
body. Science 297, 359-365. doi: 10.1126/science.l070502 

Ravel, N., Chabaud, P., Martin, C., Gaveau, V., Hugues, E., Tallon-Baudry, C., et al. 
(2003). Olfactory learning modifies the expression of odour-induced oscilla- 
tory responses in the gamma (60-90 Hz) and beta (15-40 Hz) bands in the rat 
olfactory bulb. Eur. J. Neurosci. 17, 350-358. doi: 10.1046/j. 1460-9568.2003. 
02445.x 

Restrepo, D., Doucette, W., Whitesell, J. D., McTavish, T. S., and Salcedo, E. (2009). 

From the top down: flexible reading of a fragmented odor map. Trends Neurosci. 

32, 525-531. doi: 10.1016/j.tins.2009.06.001 
Rojas-Libano, D., and Kay, L. (2008). Olfactory system gamma oscillations: the 

physiological dissection of a cognitive neural system. Cogn. Neurodyn. 2, 

179-194. doi: 10.1007/sll571-008-9053-l 
Rojas-Libano, D., and Kay, L. M. (2012). Interplay between sniffing and 

odorant sorptive properties in the rat. /. Neurosci. 32, 15577-15589. doi: 

10.1523/JNEUROSCI.1464-12.2012 
Rosero, M. A., and Aylwin, M. L. (201 1). Sniffing shapes the dynamics of olfactory 

bulb gamma oscillations in awake behaving rats. Eur. J. Neurosci. 34, 787-799. 

doi: 10. 1 1 1 1/j. 1460-9568.201 1.07800.x 
Rothermel, M., Carey, R. M., Puche, A., Shipley, M. T., and Wachowiak, M. (2014). 

Cholinergic inputs from Basal forebrain add an excitatory bias to odor coding in 

the olfactory bulb. /. Neurosci. 34, 4654-4664. doi: 10.1523/JNEUROSCI.5026- 

13.2014 

Royet, J. P., Plailly, J., Saive, A. L., Veyrac, A., and Delon-Martin, C. 

(2013) . The impact of expertise in olfaction. Front. Psychol. 4:928. doi: 
10.3389/fpsyg.2013.00928 

Schoppa, N. E. (2006). Synchronization of olfactory bulb mitral cells by 

precisely timed inhibitory inputs. Neuron 49, 271-283. doi: 10.1016/ 

j.neuron.2005. 11.038 
Scott, J. W. (2006). Sniffing and spatiotemporal coding in olfaction. Chem. Senses 

31, 119-130. doi: 10.1093/chemse/bjj013 
Sevelinges, Y., Gervais, R., Messaoudi, B., Granjon, L., and Mouly, A. M. (2004). 

Olfactory fear conditioning induces field potential potentiation in rat olfactory 

cortex and amygdala. Learn. Mem. 11, 761-769. doi: 10.1 101/lm.83604 
Siegel, M., Donner, T. H., and Engel, A. K. (2012). Spectral fingerprints 

of large-scale neuronal interactions. Nat. Rev. Neurosci. 13, 121-134. doi: 

10.1038/nrn3137 

Singer, W. (1993). Synchronization of cortical activity and its putative role in 
information processing and learning. Annu. Rev. Physiol. 55, 349-374. doi: 
10.1146/annurev.ph.55.030193.002025 

Slotnick, B. (2007). Odor-sampling time of mice under different conditions. Chem. 
Senses 32, 445-454. doi: 10.1093/chemse/bjm013 



Tallon-Baudry, C, Mandon, S., Freiwald, W. A., and Kreiter, A. K. (2004). 
Oscillatory synchrony in the monkey temporal lobe correlates with perfor- 
mance in a visual short-term memory task. Cereb. Cortex 14, 713-720. doi: 
10.1093/cercor/bhh031 

Vanderwolf, C. (1992). Hippocampal activity, olfaction, and sniffing: an olfac- 
tory input to the dentate gyrus. Brain Res. 593, 197-208. doi: 10.1016/0006- 
8993(92)91308-2 

Vanderwolf, C. H., and Zibrowski, E. M. (2001). Pyriform cortex beta-waves: odor- 
specific sensitization following repeated olfactory stimulation. Brain Res. 892, 
301-308. doi: 10.1016/S0006-8993(00)03263-7 

Vanderwolf, C. H., Zibrowski, E. M., and Wakarchuk, D. (2002). The ability of var- 
ious chemicals to elicit olfactory beta-waves in the pyriform cortex of meadow 
voles (Microtus pennsylv aniens) and laboratory rats (Rattus norvegicus). Brain 
Res. 924, 151-158. doi: 10.1016/S0006-8993(01)03225-5 

van Wingerden, M., Vinck, M., Lankelma, J. V, and Pennartz, C. M. (2010). 
Learning-associated gamma-band phase-locking of action-outcome selec- 
tive neurons in orbitofrontal cortex. /. Neurosci. 30, 10025-10038. doi: 
10.1523/JNEUROSCI.0222-10.2010 

Varela, E, Lachaux, J. P., Rodriguez, E., and Martinerie, J. (2001). The brain- 
web: phase synchronization and large-scale integration. Nat. Rev. Neurosci. 2, 
229-239. doi: 10.1038/35067550 

Von Stein, A., and Sarnthein, J. (2000). Different frequencies for different scales 
of cortical integration: from local gamma to long range alpha/theta syn- 
chronization. Int. J. Psychophysiol. 38, 301-313. doi: 10.1016/S0167-8760(00) 
00172-0 

Wachowiak, M. (201 1). All in a sniff: olfaction as a model for active sensing. Neuron 

71, 962-973. doi: 10.1016/j.neuron.2011.08.030 
Wesson, D. W., Borkowski, A. H., Landreth, G. E., Nixon, R. A., Levy, E., and 

Wilson, D. A. (2011). Sensory network dysfunction, behavioral impairments, 

and their reversibility in an Alzheimer's fS-amyloidosis mouse model. /. Neurosci. 

31, 15962-15971. doi: 10.1523/JNEUROSCI.2085-11.2011 
Wilson, D. A., and Stevenson, R. J. (2003). The fundamental role of memory 

in olfactory perception. Trends Neurosci. 26, 243-247. doi: 10.1016/S0166- 

2236(03)00076-6 

Wilson, D. A., and Sullivan, R. M. (2011). Cortical processing of odor objects. 
Neuron 72, 506-519. doi: 10.1016/j.neuron.2011. 10.027 

Wilson, D. A., and Yan, X. (2010). Sleep-like states modulate functional con- 
nectivity in the rat olfactory system. /. Neurophysiol. 104, 3231-3239. doi: 
10.1152/jn.00711.2010 

Zibrowski, E. M., Hoh, T. E., and Vanderwolf, C. H. (1998). Fast wave activity 
in the rat rhinencephalon: elicitation by the odors of phytochemicals, organic 
solvents, and a rodent predator. Brain Res. 800, 207-215. doi: 10.1016/S0006- 
8993(98)00494-6 

Zibrowski, E. M., and Vanderwolf, C. H. (1997). Oscillatory fast wave activity in the 

rat pyriform cortex: relations to olfaction and behavior. Brain Res. 766, 39-49. 

doi: 10.1016/S0006-8993(97)00543-X 
Zou, D. J., Chesler, A., and Firestein, S. (2009). How the olfactory bulb got 

its glomeruli: a just so story? Nat. Rev. Neurosci. 10, 611-618. doi: 10.1038/ 

nrn2666 

Zufall, F., and Munger, S. D. (2001). From odor and pheromone transduction 
to the organization of the sense of smell. Trends Neurosci. 24, 191-193. doi: 
10.1016/S0166-2236(00)01765-3 

Conflict of Interest Statement: The authors declare that the research was con- 
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest. 

Received: 14 April 2014; accepted: 28 May 2014; published online: 23 June 2014. 
Citation: Martin C and Ravel N (2014) Beta and gamma oscillatory activities associ- 
ated with olfactory memory tasks: different rhythms for different functional networks? 
Front. Behav. Neurosci. 8:218. doi: 10.3389/fnbeh.2014.00218 
This article was submitted to the journal Frontiers in Behavioral Neuroscience. 
Copyright © 2014 Martin and Ravel. This is an open-access article distributed under 
the terms of the Creative Commons Attribution License (CC BY). The use, distribu- 
tion or reproduction in other forums is permitted, provided the original author(s) 
or licensor are credited and that the original publication in this journal is cited, in 
accordance with accepted academic practice. No use, distribution or reproduction is 
permitted which does not comply with these terms. 



Frontiers in Behavioral Neuroscience 



www.frontiersin.org 



June 2014 | Volume 8 | Article 218 | 13 



